). Model factor estimates indicated trial (P , .001), period (P , .001) and evaluation sequence (P 5 .038) as significant factors. Learning over trials index and serial position effects were comparable. Discussion: Participants' verbal recall performance on Revere and RAVLT were equivalent.
Introduction
Patients with mild cognitive impairment (MCI) are at increased risk of Alzheimer's disease (AD), and early therapeutic interventions at prodromal stages of AD have shown better prospects for success [1] [2] [3] . Assessment of decline in verbal episodic memory in MCI represents early cognitive changes and can be used as a screening tool for timely detection and initiation of treatment for early/preclinical AD [4] . Neuropsychological tests such as word-list recall (WLR) tests are a widely adopted approach for effective screening of cognitive abilities including memory. The Rey Auditory Verbal Learning Test (RAVLT) is a wellvalidated word-list based, examiner administered tool that is widely used to measure verbal episodic memory [5, 6] . It provides multiple scores regarding verbal memory including rate of learning, short-term and delayed verbal memory, recall performance after interference stimulus, recognition memory, and learning pattern (serial position effect) that correlate with cognitive abilities [7, 8] .
Computerized advancements in neuropsychological assessments offer more adaptive and sensitive algorithms for detection and provide practical advantages of selfadministration, automated scoring and reporting, ease of repeat adjustments, language adjustments, and reduced need for trained professionals, enabling efficient and scalable administration for large-scale screening [9] [10] [11] . The Revere software application, a computerized adaptation of RAVLT to enable self-administration and automated scoring of a WLR test, is currently being developed for use with portable electronic devices (i.e., iPad). An important first step in the use of computerized tools for cognitive assessment is their validation against the paper and pencil standard administration. The present study evaluated in-clinic feasibility and equivalence of the Revere software administration of WLR using a tablet computer to standard, examineradministration of RAVLT using a randomized crossover design.
Methods

Study population
Study participants (aged 55 to 84 years) included healthy, cognitively normal (NC) individuals, and patients with MCI having normal or corrected visual and hearing acuity, as assessed clinically. Patients with clinically diagnosed MCI and Montreal Cognitive Assessment (MoCA) score (education adjusted) of 24 to 27 at study screening assessment were recruited from two specialized memory disorder clinics. Healthy NC participants with MoCA scores (education adjusted) of 28 at study screening assessment were recruited from primary care clinics [12] . Participants were English-speaking and without self-reported depressive illness as evaluated on the Patient Health Questionnaire 9-item scale (PHQ-9) [13] . Participants were evenly distributed in terms of age and sex and in the ratio of 3:1 (NC vs. MCI).
Participants were excluded if they had any acute or chronic medical, psychiatric, neurological condition or sensory, motor or speech impairment, as assessed via clinical history that would interfere with their ability to perform memory tests. Use of nicotine-based (including smoking) and caffeinated products (up to 500 mg/day) was restricted during study visits, and consumption of more than one alcoholic drink (or equivalent) within 24 hours before each WLR administration was prohibited. All concomitant medications were recorded throughout the study.
The study protocol was reviewed and approved by the Institutional Review Board at The University of North Carolina (Chapel Hill, Department of Neurology) and Duke University Medical Center. The study was conducted in accordance with the ethical principles communicated in the Declaration of Helsinki and in accordance with the International Conference on Harmonization Good Clinical Practice guidelines, applicable regulatory requirements and in compliance with the protocol. All study participants provided written informed consent before study initiation.
Study design
In this randomized, crossover, two-site study (NCT02419183) conducted in the United States from 28 May 2015 to 26 May 2016, eligible participants (both NC and patients with MCI) were allocated (1:1) to receive either Revere or RAVLT in period 1 and then crossed-over to the alternate test in period 2, with a memory washout interval of 7 to 14 days. In doing so, participants assignments were rigorously counterbalanced with 50% of the study population receiving the computerized administration of the RAVLT first and the other 50% receiving the standard in person assessment with the RAVLT first. An optional follow-up visit was scheduled within 7 days after the last study-related activity for participants who experienced an adverse event (AE) during the study that was unresolved by the end of the last test visit (Fig. 1) .
The RAVLT was administered with five presentations and recall attempts of a 15-word list (Word-list A), a distractor task (Word-list B), post-distractor recall (Word-list A), and a 20-minute delayed recall (Word-list A). All trials involved the examiner reading the word-list aloud to the participants except the post-distractor and 20-minute delayed recall assessments. Score for each recall trial was the number of words correctly recalled by the participant. The Revere software administration of WLR mimicked the standard RAVLT administration; instructions for the Revere WLR test were provided to the participant via iPad, both aloud and on screen. Word-lists were "read" aloud by the software, in a manner mimicking standard administration of the RAVLT; that is, with five presentations and recall attempts of a 15-word-list (Word-list A), a distractor task (Word-list B), post-distractor recall of Word-list A, and a 20-minute delayed recall of Word-list A. After presentation of each list by the software, the participant was asked to recall as many words from the list that he/she had just heard read aloud. The post-distractor and 20-minute delayed recall assessments were conducted without the software reading Word-list A aloud.
The Revere software recorded participants' recall responses; performance on each WLR trial was subsequently scored by human rater(s) and automated speech recognition software (details to be elaborated elsewhere) for number of words correctly recalled for each recall trial. Revere WLR and examiner-administered RAVLT were run under the same conditions. Assessments were conducted in a quiet clinic room. Before administering the WLR test, the Revere software asked participants to read a paragraph aloud and to complete a brief digit-span task (recalling a 4-digit number as presented aloud by the software followed by a 5-and a 6-digit number). These tasks were administered as control tasks to acclimate the participant to the test conditions using the iPad. Participants progressed on the digit span to the next digit recall if they succeeded at prior digit length.
During the delay-period before the 20-minute delayed recall assessment, participants were provided with travel magazine articles and asked to read through three articles of interest, at the end of which they were asked by a study research assistant to briefly describe two of the articles (i.e., travel destination that was the focus of the article and two landmarks/attractions per destination); their responses were transcribed. Twenty minutes after completion of the list recall tasks, the participants were asked to recall as many words as possible from the original word-list (Word-list A).
Recall on learning trials of the original word-list, recall of the original word-list following the distractor task, and delayed recall were the primary outcome measures. Audio recordings of the participant responses to the Revere WLR test were scored by two independent raters. The final consensus score from the two raters was used for the primary analysis of the study.
Participant survey and patient-reported outcome
All participants and attending clinicians or their staff completed a survey after WLR tests in period 2 regarding their attitudes about cognitive screening and receptivity to a computerized cognitive assessment and acceptance after familiarization with the computerized test versus examinerbased cognitive tests. The clinic staff and physicians were also asked to provide more detailed feedback about potential advantages and disadvantages of different screening methods to assess the feasibility of a self-administered cognitive assessment software via tablet computer in primary care and specialty practices. Participants also completed the PHQ-9 at screening and after the WLR tests in both periods 1 and 2. 
Secondary end points
The secondary end points included further analysis of WLR test scores to assess total learning (total score from trials I to V), learning over trials index ([total 
Safety
Safety assessments included monitoring of AEs, vital signs, and physical examination.
Statistical methods
Sample size
Considering a within-participant correlation of 0.61, the sample size of 96 evaluable participants provided 80% power to detect equivalence using a single-word (7%) equivalence margin on any WLR trial between the computerized Revere WLR test and examiner-administered RAVLT. Participants with data losses due to computer or softwarerelated glitches were replaced to ensure that data from at least 96 participants are available for analysis.
Analysis sets
The evaluable analysis set included all participants who were randomized and had WLR scores for Revere (consensus scores from two independent rates) and RAVLT tests. Randomized participants analysis set included all participants randomized to the WLR tests.
Assessments and primary analysis
The performances on all trials based on WLR scores (primary end point) were compared between Revere and RAVLT using Schuirmann's two one-sided test for equivalence. Primary analysis to establish equivalence between Revere (based on independent rater scorings of audio recordings) and RAVLT was performed using repeated measure mixed model, with WLR scores from the eight trials as dependent variable; period, evaluation sequence, evaluation group (computer or examiner), trials (I to VIII), interaction of evaluation group and trial as fixed effects and participants as random effect.
One-half of standard deviation (SD) is regarded as a widely accepted approach to interpret clinically meaningful differences between cognitive abilities measured using neuropsychological tests [14] . According to the published norm of RAVLT, SDs from various trials in elderly participants ranged from 1.9 to 3.4 with the median SD of 2.7 [5] . Therefore, to determine the magnitude of difference in cognitive performance between Revere and RAVLT, the clinically relevant equivalence margin was set to 1.35 (one-half of 2.7). Equivalence was established if the 90% confidence intervals (CIs) of least square mean difference were well within the prespecified range of (21.35, 1.35). The WLR scores were also presented descriptively (by evaluation group and trial).
WLR scores were summarized based on the NC and MCI subgroups, gender, subgroups (men, women), and four age subgroups for NC participants as presented in the RAVLT manual (50-59 years, 57 to 69 years, 70 to 79 years, and 76 to 89 years) [5] .
Sensitivity analyses for primary end point
Sensitivity analyses were performed to further test equivalence between the computerized Revere and examineradministered RAVLT: (1) using the same primary analysis model with only scores from trials I to V as dependent variable; (2) using similar mixed model as the primary analysis by adding key demographic and stratification factors (NC/ MCI status, age [55 to 64 years, 65 to 74 years, 75 to 84 years] and gender) as fixed effects; and (3) repeated measure analysis using WLR scores from automated scoring (speech recognition engine [SRE]: Nuance Speech Anywhere) for the Revere WLR test as dependent variable.
Performances on the Revere computerized WLR test and RAVLT were also compared based on the total scores from trials I to V and the 20-minute delayed recall test using Bland-Altman plots and Deming regression.
Results
Demographics and baseline characteristics
A total of 148 of 153 (97%) randomized participants completed the entire crossover study (Fig. 1) . Five participants discontinued from the study (three in Revere/RAVLT sequence [2 NC, 1 MCI] and two in RAVLT/Revere sequence [one NC, one MCI], all five: withdrawal of consent). Of the 153 randomized participants, 32 were excluded due to unavailability of audio recordings from the Revere (irretrievable audio recordings, n 5 25; withdrawal of consent, n 5 2; iPad malfunctions, n 5 5). Of note, a total of 17 (11.1%) participants had iPad issues either due to iPad malfunctions or user error, of which, five resulted in loss of computer assessment data and were replaced; the remaining participants had one or two missing trial data from the computer assessment. The evaluable analysis set included 121 randomized participants.
The mean (SD) age of participants was 70. Most of the randomized participants (92%) were taking medications before and during study participation. The most common prior and concomitant medications taken by at least 30% of participants included vitamin D and analogues, platelet aggregation inhibitors (excluding heparin), and multivitamins. Less than 15% of participants took antidepressant medications, and 5% or fewer of participants took benzodiazepine-related drugs (sleep aids) or benzodiazepine derivatives before and during the study. No participant reported consumption of more than one alcoholic drink within 24 hours before WLR administration or exceeded the daily limit of 500 mg caffeine since the study screening visit.
Primary end point
The mean (SD) WLR scores increased from trials I to V in both computer-administered Revere (6. (Fig. 2) . Pearson's correlation coefficients between Revere and RAVLT for the eight trials ranged from 0.12 to 0.70, with higher level of correlation for the later trials on word-list A.
From the repeated measure mixed model for scores obtained from the eight trials, the least square mean difference between Revere and RAVLT was 20.84 (90% CI: 21.15, 20.54), which was fully contained in the prespecified equivalence range of (21.35, 1.35) with significant equivalence (equivalence margin adjusted P value 5 .003) ( Table 2) . The overall equivalence test between Revere and RAVLT was the confirmatory test, and results from individual trials were supportive. Therefore, multiplicity adjustment was not needed. Significant factors in repeated measure mixed model testing were trial (suggesting learning effect from trial to trial), period (P , .001 for both), and evaluation sequence (P 5 .038) (detailed in Supplementary Table A1 of Supplementary Appendix A).
Sensitivity analysis using the primary analysis model for WLR scores from the learning trials (trials I to V) and inclusion of demographic stratification supported the equivalence claim for the Revere and RAVLT tests. Automated WLR Fig. B1 , Supplementary Appendix B).
Secondary end points
The mean (SD) of learning over trial indices were comparable between Revere and RAVLT (16.4 [6.77] [14.12] ). Pearson's correlation coefficients between Revere and RAVLT for serial position effects ranged from 0.37 to 0.56, with primacy region having the highest correlation (Table 4) .
Subgroup analyses
In the subgroup analysis comparing mean WLR scores from eight trials, as anticipated, the mean number of words recalled was higher for NC participants versus patients with MCI. With regard to serial position effect, patients with MCI had lower mean WLR scores suggesting reduced primacy and recency effects as compared with NC participants. Similarly, in the age-modified WLR performance the NC NOTE. Analysis was based on a repeated measure mixed model for the number of words successfully recalled from all trials (acquisition trials I to V, distraction Trial B, post-distraction recall and 20 minute delayed recall) as dependent variable, and period, evaluation sequence, evaluation group (Revere or RAVLT), trial, interaction of evaluation group and trial as fixed effects and participants as random effect.
*Equivalence margin adjusted P value. NOTE. Analysis was based on a repeated measure mixed model for the number of words successfully recalled from the trials (acquisition trials I to V, distraction Trial B, post-distraction recall and 20-minute delayed recall) as dependent variable, and period, evaluation sequence, evaluation group (Revere or RAVLT), trial, interaction of evaluation group and trial as fixed effects and participant as random effect.
*Equivalence margin adjusted P value.
participants from the youngest age subgroup (50-59 years) had higher mean WLR scores and out-performed participants from the older age groups. However, a gender effect was notably absent, and no performance differences in WLR scores were observed between men and women. Primary and recency effects were noted in all age subgroups. In subgroup analysis of gender difference, mean words recalled by men and women were consistent with the overall population. Performance with RAVLT was slightly better than Revere, irrespective of gender. The Pearson's correlation analysis in both men (Pearson's correlation coefficient, 0. Tables C1 to C8). PHQ-9 scores and participant survey report are summarized in Supplementary Appendix D.
Safety
A total of, 7 of 153 (5%) participants experienced AEs (MCI: sciatic pain, concussion without loss of consciousness, chest infection; NC: back spasm, worsening back pain, viral infection, and cutaneous small B lymphoma, n 5 1 each). All AEs except the small B cell lymphoma were mild or moderate in severity. All observed AEs appeared to be unrelated to study participation and were common occurrences for this population. No AE led to study discontinuation. No clinically relevant changes from baseline were noted in vital sign measurements.
Discussion
Development of computerized cognitive tests is of huge importance in perpetuating clinical trials productively in the preclinical AD space [15, 16] . The approach helps in improving the scientific quality of the data by eliminating common sources of examiner errors in administration and scoring, thereby allowing greater sensitivity and more fidelity for the detection and monitoring of clinical change and disease progression. These computerized methods allow for controlled timing between trials and permit data capture of a host of measures, such as response times, which are not easily captured with standard administration. However, with the introduction of an additional digital interface, it is important to minimize possible interference with user's cognitive faculties that can potentially influence results. Thus, there is an increasing emphasis on validation and assessment of psychometric properties of computerized tests to minimize the risk of conflicting results and maintain equivalence between traditional and digital formats [11] . From a clinical and research standpoint, validated computerized tests along with their equivalent examiner-based tests offer practicality and flexibility to use either format that may increase the number of individuals being screened.
The present study was conducted to evaluate the psychometric properties (criterion validity) of Revere, a computerized adaptation of the RAVLT in NC participants and patients with MCI, against a standard version of the RAVLT, administered by an examiner under the same in-clinic conditions. Participant performance on the Revere demonstrated equivalence to participant performance on the RAVLT based on scores from eight trials, using an equivalence margin determined as 0.5 SD based on age-adjusted normative data. Sensitivity analysis conducted for the WLR scores using only scores from learning trials I to V or a repeated measures mixed model adding the stratification factors of the participants as fixed effects in the model further corroborated these findings. Automated scoring by the Nuance Speech Anywhere SRE demonstrated high level of accuracy and participant performance based on automated scoring on Revere was equivalent to the performance on RAVLT, suggesting prospects for fully-computerized cognitive assessments.
Consistent with published literature for examineradministered WLR tests, a learning effect over trials was observed in this study [7] . The test-retest improvement is anticipated in healthy adult populations on verbal list learning tests, presumably reflecting increased comfort and familiarity with the memory testing procedures [17] . The practice effect was seen regardless of the order of test administration (i.e., iPad administration first vs. standard administration first). Mean WLR scores from trials I to V increased for both Revere as well as RAVLT with same pattern demonstrated across the eight trials in both the groups although, RAVLT showed slightly better performance than Revere. When the factors included in the repeated measure mixed model were tested, the "trial" factor was statistically significant; this indicates a learning effect from trial to trial. The mean scores for each individual trial for both Revere and RAVLT from period 2 were higher than the corresponding mean scores from period 1 tests, thus indicating a learning effect from period 1 to period 2 despite the 7-to 14-day memory washout between the two periods.
Serial position effects are commonly observed in free recall, and decreased recall of primacy words has been associated with prediction of cognitive decline [18, 19] . Consistent with this, participant performance on Revere and RAVLT showed more words correctly recalled from the primacy and recency positions of the word-list than the middle region. Although trends in patients with MCI were similar to the overall population, patients with MCI recalled fewer words than the NC subgroup and had reduced primacy and recency effects. There was no meaningful impact of gender on cognitive performance measure with the use of either Revere or RAVLT, consistent with previous observations of neurocognitive measures [20] . Age had negligible influence and younger participants performed better across trials and had superior primacy and recency effects. No safety concerns were identified with the use of Revere.
A significant challenge with the introduction of newer technology such as computer-or touch screen devicebased testing modality is the variability in the level of preference or acceptability among older adults due to lack of experience, low familiarity, or general perception [21, 22] . In the present study, elderly patients showed favorable acceptability and were comfortable with iPad-based interaction, and most participants were willing to take future Revere tests. This observation adds to available data that support the use of automated, computerized cognitive batteries in elderly individuals [21] [22] [23] [24] [25] . Data loss from failure to capture or submit scorable audio recordings due to technical glitches in the software or network issues was another notable challenge. The Revere software was updated during the trial to prevent application crashes and the sites were moved to more robust wireless networks to prevent data transmission errors. Data loss due to human error was addressed by ensuring consistent backup of all data files and later altered to use a new, more robust data storage mechanism.
The study strengths included methodologic rigor (crossover design), relatively large sample size, and recruitment of elderly patients from clinical care sites including a Memory Disorders Clinic. Further, the approach to cognitive screening of MCI was based on a combination of clinical diagnosis and a MoCA cut-off 28 to allow inclusion of early-stage MCI. A limitation of the study is that the memory washout between the test periods was not long enough to rule out learning/practice effects contributing to better performance observed during period 2. The overall level of education in this sample was high (.90% with college education or greater). Performance in less well-educated cohorts is not yet completely known, however, we note that the range of values was good across the MCI and older control cohorts without evidence of ceiling or floor effects in either type of administration. Finally, participants with MCI were diagnosed based on clinical assessment for their memory complaints; there was no biomarker confirmation of preclinical AD.
In conclusion, the present study demonstrated equivalence between the iPad-administered Revere WLR test and examiner-administered RAVLT in terms of the participant's verbal recall performance. Revere provides a comprehensive profile of cognitive abilities related to verbal episodic memory, including learning and delayed recall. Thus, computerized measurements of cognitive attributes using tools such as Revere may enhance the prospects of yielding standardized, sensitive and reproducible end points, assisting large-scale screening during clinical research and optimizing treatment choices in mainstream clinical practice. Based on the performance equivalence of Revere and RAVLT, further development and validation of a completely automated version of Revere with speech recognition technology that is functional in a home-based setting is underway. Home-based implementation of a validated automated cognitive tool would potentially facilitate unsupervised and reliable collection of longitudinal information on memory and cognitive abilities of elderly individuals within a real-world environment. The current version of Revere can be made available on request to support joint data collection that would contribute to further validation of the system in real-world settings.
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RESEARCH IN CONTEXT
1. Systematic review: We reviewed the literature using PubMed for relevant reports on screening tools for mild cognitive impairment. Impaired verbal episodic memory is regarded as a predictive marker of mild cognitive impairment and its reliable detection is crucial for diagnosing prodromal phase Alzheimer's disease. 
